This is the first of two papers describing experiments on a two-bladed rotor in hover, under controlled pitch excitation. Measurements of the inflow to the rotor are described, first under steady conditions, and then under prescribed 4-per-rev pitch excitation. The high data rates, data acquisition techniques and data quality required for this experiment are demonstrated, including 4-per-rev velocity variations due to 1-degree pitch oscillation, extracted over a single period of rotor revolution at 600rpm. The steady case results agree with lifting-line-based analytical predictions except in the tip region, as expected. The excited-blade case shows the 4-per rev velocity perturbation, and the dependence on the phase of the excitation. Spectral analysis of the LDV data shows multiple harmonics of the excitation frequency. The rate of pitch change is seen to be high enough to produce substantial hysteresis effects, whose variation with radial position is measured. The hysteresis is seen to arise from the inboard shed vorticity, and to decay towards the tip.
INTRODUCTION
This paper describes experiments to measure the inflow to a rotor with the blades executing harmonic pitch oscillations. Experiments to measure the steady and unsteady blade surface pressure distributions are described in Part II of this work, in a following paper. A major thrust of research in unsteady aerodynamics is towards theoretical analyses incorporating accurate models of dynamic inflow to rotor blades 1, 2 . This requires data on the unsteady flowfield surrounding a rotor blade under dynamic conditions. Recently, experimental efforts have been undertaken to obtain such data. Much progress has been made in studying unsteady effects of flows over lifting surfaces. In the rotorcraft field, past studies have mostly focused on the phenomena that are measurable from the blade surface or the hub. Unsteady flowfields around non-rotating airfoils or finite wings have been studied 3, 4 , with very high levels of precision and detail. Aeroelastic effects have been derived 5 from measurements on pitching wings under non-rotating conditions.
Ref. 6 reported detailed measurements of all three components of the velocity field in the near field of a single-bladed stiff rotor blade in hover . The velocity field above and below a stiff rotor/airframe configuration in forward flight 7 and the inflow to a flexible rotor system in forward flight 8 have been measured. This paper describes flow velocity measurements around a lifting rotor blade under controlled, harmonic pitch excitation in actual rotation, where the effects of rotation are present on both the flow field and the blade structure. The objectives are to reveal the dominant phenomena and to provide measurements to help validate methods used to compute the aeroelastic behavior of helicopter rotors. The detailed variation of the inflow to a rotor is sought under known blade excitation conditions, so that both the input and the output of the system are quantified simultaneously. The hover condition is chosen to reduce complexity. Tip speeds are limited to the incompressible regime. The experiment, measurement techniques, and facility validation by comparison with steady-blade predictions are described in this paper.
Results from the excited-blade cases are then presented and discussed.
The velocity measurements and pressure measurements are presented in two papers because of length constraints, and because of the large differences between the constraints in the two experiments. Velocity measurement takes a long time, and hence has to be restricted to a very few test conditions. Accordingly, most of the results presented are at the 600 rpm, 4-degree and 8-degree static pitch conditions, with and without a 4-per-rev, 1-degree pitch excitation. The pressure measurements described in a following paper are performed over a range of test conditions, where parametric variations can be examined.
Measurement of the unsteady inflow to a rotating blade presents some formidable obstacles. Non-intrusive techniques are required, since the measurements have to be made in the close vicinity of the rotor, and because mechanical probes can cause first-order interference in vortex-dominated flows. The Laser Doppler Velocimeter is at present the method of choice for such measurements. This instrument measures the velocity of microscopic "seed" particles of solid or liquid present in the air flow, under the assumption that these particles move at the instantaneous local air velocity. One difficulty is that the arrival times of these seed particles at the measurement location are random, so that the instrument gathers data when they are available, instead of acquiring them at specified instants. As demonstrated by Refs. [6] [7] [8] , techniques for measuring the inflow to the rotor plane are well-understood, as long as the measurements can be averaged over several revolutions. Typical data rates achievable with a laser Doppler velocimeter in large facilities have usually been limited to around 1000 per second. At 600 rpm, the tip of a rotor blade with 0.3m chord and 1.2m radius takes only about 4 milliseconds to pass a given measuring point. The four data points expected on average during this interval are insufficient to characterize chordwise velocity variations. The usual solution to this problem is to gather data over many blade revolutions, assume that the blade repeats its motion precisely every revolution, and sort the data into small intervals of phase. When the blade is subjected to an input excitation, as in the present experiments, fatigue concerns limit the duration of the excitation. Cycle-to-cycle variations cannot be neglected without detailed examination. Thus, extremely high data rates are required, in a large facility. This is a new application of laser Doppler velocimetry: although rates as high as 250,000 per second are have routinely been achieved since the early 1980s in bench-scale set-ups for calibration purposes, researchers have generally avoided situations where one has to depend on the ability to get high data rates. The present authors 9,10 demonstrated such data rates using a Remote-Aligned Off-Axis Scatter system in a 2.7-meter wind tunnel near a rotor model in forward flight. In the wind tunnel, the dominant freestream motion implies a high flow rate through the measuring volume, and hence a larger data rate for a given seeding density. The uncertainty is greater in the case of a rotor in hover, where the seed particles have to be entrained into a slow-moving stream. Also, the large size of the present facility and the 45-degree upward inclination of the optical axis make it highly desirable to use the back-scatter mode of light collection, for convenience of operation. This makes it much harder to achieve a high data rate, since the signal strength in back-scatter is an order of magnitude lower than that in off-axis scatter.
An additional problem in LDV is that seed particles are rarely of uniform size. In regions of high acceleration, this means that the lag between flow velocity and particle velocity may be significant, and may vary from particle to particle. Monodisperse seeding is achieved using solid particles in some facilities (see Ref. 8 for an application in a large facility) but it then becomes difficult to obtain high data rates. For this reason, as well as the presence of electronic or optical noise, it is generally difficult to get a smooth velocity variation from a time series of particle velocities, even in laminar flows. Thus, another concern in this experiment was the feasibility of getting usable data on unsteady effects without averaging over many cycles of the rotor. Preliminary measurement considerations were described in Ref. 11 , and some of the unsteady measurements were described in Ref. 12 .
FACILITY DESCRIPTION The experiments are conducted in the Aeroelastic Rotor Test Chamber at Georgia Institute of Technology 13 . An octagonal honeycomb enclosure made of paper cells (2 cm hexagonal section and 7.62 cm depth) surrounds the rotor system, with a circular opening sized to ensure unobstructed flow of the contracted rotor wake. This minimizes recirculating vorticity. Fig.1 shows the chamber from downstream. The 2-bladed Bell 212 teetering tail rotor has a diameter of 2.59 m and 0.292 m blade chord. A 30 hp constantspeed a.c. motor drives the rotor shaft through belts and sheaves. The speed is held at 600 rpm ± 0.1% for these measurements by a feedback tachometer. Fig. 2 shows the rotor pitch excitation system. Blade pitch is controlled through a swashplate oriented by three Zonic hydraulic actuators, whose stroke (25.4mm maximum) is controlled by a dual-loop servo with independent static and dynamic control loops. Input signals for pitch control come from a Hewlett-Packard HP1000 A700 computer through a Preston 16-channel digital-to-analog (D/A) converter. Linear variable differential transformers (LVDT) sense actuator displacements and Hall effect gages at the blade roots sense blade pitch and rotor teeter angles.
The single-component Laser Doppler Velocimeter (LDV) is powered by a 5-watt Argon ion laser. The laser and the optical modules are mounted on a carriage on rails beneath the test chamber. The sensing volume is moved using a computerized 3-d.o.f. optical traverse oriented at a 45 deg. as shown in Fig.1 . A Bragg Cell and variable frequency shifter resolve flow direction. Scattered light is collected in the backscatter mode. To achieve the high data rate required for the dynamic tests, two Lauterbach-type seeders 6 are used upstream of the rotor plane. Tests showed that the seeders could fill up the room atmosphere with atomized mineral oil within 5 to 10 minutes and give a transient data rate as high as 6000 per second in backscatter. Figure 2 shows the two separate systems synchronized with the rotor: one for the LDV measurements, and one to control and track the rotor operating conditions. Signals from the Hall effect sensor and pressure transducers are transferred from the rotating to the nonrotating system through a 52-channel slip ring assembly coupled to the rotor shaft. These signals, together with the actuator input signals and the LVDT output signals are amplified, sampled simultaneously and digitized. The sampling is externally triggered using a pulse from an optical shaft encoder when the quarter-chord line of the reference blade passes through 0 deg. azimuth as shown in Fig.1 . The same pulse also resets the timebetween-data (TBD) counter in the LDV processor.
EXPERIMENTAL PROCEDURE Data acquisition and processing
The LDV data path is shown in Fig. 2 . Data samples validated by the counter electronics are collected as they arrive, in blocks of fixed size. The "time between data" value accompanying each sample gives the time since the previous sample. With each passage of the reference blade through 0 degrees azimuth (the bottom of the revolution), the time counter is reset. The next data sample is flagged, and carries the elapsed time from the pulse. This serves to compute the rotor azimuth at the arrival of each data sample.
Steady-blade data acquisition
For steady-blade measurements, 30,000 data points are sorted into azimuth slots with 6-deg. resolution at each measuring location. Data arriving during the time interval when the blade pitch axis moves from 0 deg. to 6 deg. azimuth are assigned to the "6 deg." slot, and so on. At the end of the process, values in each slot are averaged and yield the azimuthal variation of inflow velocity at that measuring location. Data are taken in blocks of 500 points each, and processed. The need to store raw data is eliminated. This system is used when the data rate is low enough that acquisition time covers several blade cycles. The processing time is also quite long, so that the averages cover a few minutes, long enough to account for the lowest frequencies of flow fluctuation.
Excited-blade data acquisition
To avoid blade fatigue problems, each run of the excitation was limited to a minimum, no more than 10 seconds, including the ramp-up, steady excitation and rampdown periods. Pitch excitation and data acquisition were started manually when the data rate reaches a pre-determined level. Rotor status (blade pitch, teeter angle, etc.) during the excitation period were recorded through the A/D converter every 3 degrees. Velocity data were sampled in blocks of 10,000 and stored for processing at the end of each test. The time history of the excitation was checked first, and then only the data collected during the steady excitation period were used in the analysis. The velocity variation and blade pitch attitude were related through the azimuth index. Fig.3 shows a flow chart of the entire sequence of the dynamic test. The data rate is kept in the range of 2500 to 3500 per second in order to capture the velocity variation over the whole excitation period without ending the acquisition process too early or too late. While this sounds much lower than the 6000/sec rate cited before, it must be noted that the probability of getting the desired rate during the desired period is extremely low unless one can ensure a very high average data rate. This is achieved by monitoring the data rate readout on the counter processor and turning the seeders off and on at appropriate times. The program is started when the data rate reaches the desired level. A discrete sinusoidal waveform for the excitation input signal is calculated first, based on the requested steady pitch angle and excitation amplitude. The D/A converter and the LDV counter are configured next. The data acquisition is initiated immediately followed by the pitch excitation. The D/A converter sends out the waveform at a rate based on an external crystal oscillator whose clock rate can be divided from 1 MHz to 122Hz depending on the desired excitation frequency and the resolution of each excitation cycle. Rotor status (blade pitch, teeter angle, etc.) during the excitation period is recorded through the A/D converter every 3 degrees. The delays in the LDV processing system are of the order of 3 microseconds, negligible in comparison with the shortest fluctuation periods of interest.
Static and dynamic calibration
The blade pitch is set precisely using special fixtures installed on the rotor, and calibrated using an empirical correlation of the LVDT output. Relations between blade pitch angle/rotor teeter angle and output from the Hall effect sensor are determined by fifth order polynomial curve fitting. Discrete sinusoidal input signals with different amplitudes and frequencies are generated for the dynamic calibration. The LVDT output from three actuators is recorded and the phase lag is determined. These results are then built into an interpolation chart and supplied to the control software for blade excitation.
Test Cases
For the steady-blade tests, baseline cases were studied with the pitch angle fixed at 4 and 8 deg. Velocity data were acquired along the 45-degree radial line at two axial locations upstream of the rotor tip path plane (z/R = -0.04, -0.1). Fig.4 shows that the radial stations used were concentrated in the more important tip region. One complete scan along the radius was made at 4-deg. pitch and z/R=-0.04 for comparison with analytical results, which are more accurate in the inboard region. For the dynamic tests, the radial measuring locations in the excited-blade tests are also shown in Fig.4 , denser in the tip region at z/R=-0.04. A 40 Hz (4 per rev.) discrete sinusoidal waveform was added to the static pitch to create a dynamic excitation with 1 deg. amplitude. The 4 per rev. case was selected to allow the dynamic effects to be clearly distinguished from the steady-blade data. With this integer number of excitations per revolution, however, the blade pitch attitude is always the same as it passes by the fixed 45-degree azimuth of the measuring location during the excitation, for a given phase delay between the blade reference azimuth and the excitation cycle. A mapping of the effect of excitation over the entire rotor plane can be generated, assuming axial symmetry of the steady flowfield, by varying the phase of the excitation. Six cases with 15 deg. time delay increments applied to the controlled excitation input were studied at each location to observe the effect of blade pitch attitude on the velocity variation. In the tip region at z/R=-0.04, a 6 deg. time delay increments was used to provide a higher resolution on the velocity variation. The basic excitation waveform and the definition of excitation time delay are illustrated in Fig. 5 .
Flow Visualization
Laser sheet flow visualization was used, as shown in Fig. 6 , to document the positions of the tip vortices in the near wake as a function of rotor azimuth. The area viewed by the videocamera was approximately 0.41m x 0.43m, starting immediately downstream of the blade tip path plane. Seeding came from heated wax-coated wires strung upstream of the rotor, parallel to the shaft. A board with a 1-inch square grid was used for image calibration before the experiment. Recorded images were digitized into a Macintosh II computer. The tip vortex is identifiable in the images as a dark region devoid of lightscattering particles. The wake geometry was quantified using the image of the grid-board. These procedures are detailed in Ref. 14.
RESULTS AND DISCUSSION
In this section, facility confinement effects are examined by comparing steady-blade data to analytical predictions for an unconfined rotor. The data quality is checked using the extreme case of an unaveraged, raw time trace of laser velocimeter data. The wake geometry is then shown. The effect of the excitation delay, and resulting phase variations, are presented. Velocity data from the excited-blade tests is then presented for different radial stations and test conditions, with coordinates being transformed as needed to bring out the 4-per-rev, 1-degree excitation effects. Finally, the dependence of the chordwise velocity distribution on the pitch variation, and hysteresis effects, are evaluated. Figure 7 compares the radial distribution of the time-averaged normalized inflow velocity at z/R= -0.04 with 4 deg. blade pitch with analytical results 15 . The normalization is performed with respect to the disk-averaged inflow velocity from momentum theory. Each experimental point is the average of the 60 six-degree slot-average velocities. This is preferred over a straight arithmetic mean of all 30,000 data values to avoid "velocity bias", which would overestimate the mean velocity 6 . Agreement is excellent in the inboard region. Large deviations outboard of r/R=0.882 are attributed to the inability of the lifting linebased analysis to capture the tip vortex roll-up. Facility confinement effects, if any, would be expected to cause disagreement between theory and experiment in the mean level of inflow along the radius for the given operating condition. No such effect is seen. The same conclusion is also reached using the comparisons with analysis presented in Figs. 8 and 9. The azimuthal variation of inflow velocity at r/R=0.824 with steady 4 deg. pitch angle (Fig.8) , agrees with analytical results in both amplitude and phase, except for underprediction of the extrema of the variation. Fig.9 shows the comparison at r/R = 0.765, with 4 per rev. pitch oscillation. Again, the inflow extrema during the blade passage interval, around 45 and 225 degrees, are underpredicted. The comparison also verifies that the rotor phase synchronization is accurate, an important consideration for collecting the excited-blade data.
Confinement Effects

Data Quality
Since the dynamic excitation input included the phases of ramp up, steady excitation, and ramp down periods, the periodic velocity variation at each measuring point averaged over only 15 rotor revolutions, spanning the steady-excitation phase. To ensure that this is sufficient to yield reliable results, the time history of the raw data was examined. Cycle to cycle variations and number of data points collected in each rotor revolution were checked. Fig.10 shows a time trace of the data obtained during one blade revolution (100 milliseconds), with 299 data points obtained during this time, giving an average data rate of over 2500 per second. This is an order of magnitude higher than the average data rate used in Ref 6 in 1985 , and represents the advance in seeding techniques since then. The scatter of the data is small, and the sharp peaks of the blade passages are repeated well. This demonstrates also that the seed particles are of adequately uniform size. A large range of seed particle sizes would have led to a large variation in the degree of particle lag, and thus to a high degree of scatter in the instantaneous particle velocity. Thus, the data can be used without averaging over many cycles.
Spectral analysis was used to determine the level of subharmonic and higher frequency fluctuations. The high data rate enabled spectral analysis of the data despite the random arrival times of the individual seed particles. Time interval slots were set up corresponding to the selected Nyquist frequency (600Hz) and data block size (512 timedomain intervals). The data arriving in each slot were averaged. Values were determined for empty slots by linear interpolation of the slot averages on each side of the empty slot. An FFT-based procedure was used. Fig.11 plots the spectral density of the velocity fluctuations, with the basic blade passage peak, excitation peak, and its many harmonics. No low-pass filter was used in this procedure: none was needed, as seen from the 25dB spectral drop by 600 Hz. The 2-per-rev peak (at 20Hz) is more than 10dB above the 1-perrev peak.
Differences between the requested waveform and actual outcome were examined using the recorded blade pitch history. The actual static pitch proved to be 3.65 deg., with the excitation amplitude being 1.26 deg. A once-per-revolution pitch oscillation was also found, with an amplitude of about 3% of the 4-per-rev waveform. Fig. 12 shows the actual blade pitch variation as a function of rotor azimuth with different excitation time delays, for the nominal 4-deg. static pitch case. The pitch variation is smooth. The shift between successive curves corresponds to 6 deg. of rotor rotation. Wake Geometry Fig. 13 shows the near wake geometry, obtained under steady pitch conditions. It contracts from the blade tip to r/R = 0.85 at z/R = 0.175. During the first 240 deg. after blade passage, the core stays close to the rotor plane, and moves faster inboard as seen from the steep slope in the figure. The slope decreases after r/R = 0.89, as the vortex accelerates downstream. The difference in vortex trajectories between the two blades is negligible. Fig. 14 shows the excited-blade results at r/R = 0.882 at the closest upstream plane (z/R = -0.04) for 4-deg. nominal pitch. The three cases shown correspond to the static case and the dynamic cases as the blade pitches up and then down. The unsteady effects of the excitation are difficult to discern from this figure, though a fluctuation in the inflow level can be easily seen. Since the LDV measuring volume is fixed in space during the measurement, the unsteady effects are brought out by varying the excitation time delay, and collecting the data corresponding to the same instantaneous pitch attitude from files obtained under different time delays. Fig.15 examines the effect of excitation time delay (measured from the instant of blade passage through zero degrees azimuth to the instant when the excitation waveform crosses zero amplitude) at the measuring point for a few selected rotor azimuths. As time delay varies, the blade pitch angle at the measuring location (45 deg. rotor azimuth) and the inflow also vary. A substantial 4-per-rev variation is visible. The shape of velocity variation appears to be independent of the blade location during the 90-rotor-deg. excitation cycle. During blade passage across the sensing volume, a larger inflow level is seen, but the trend is the same. This is consistent with expectations: the unsteady vortex shedding due to change in bound circulation under excitation at any point in space depends only on the transient blade pitch variation at the instant that it passes the point. Once the vorticity is shed, it generally follows the dynamics of the local flowfield, not the blade. In the hover case, this means motion parallel to the rotor axis. Thus, the inflow variation observed at the measuring point with different time delays will display the same trend, except that the amplitude will decrease as the unsteady vorticity moves downward. When the blade is around the measuring point, the situation will be more complicated due to the dominant influence of the blade bound circulation.
Phase Effects
Parametric Variations
The unsteady effects can be seen better by asking what happens to the inflow over the entire rotor disk at each instant of the excitation cycle. Assuming axial symmetry for the hover case, velocity values are extracted for a specified blade pitch, and plotted in Fig.16 at several radial stations at maximum pitch over a period corresponding to one rotor revolution. This conveys the information that would be contained in a contour plot of dynamic inflow velocity over the rotor disc. The 60 points on the curve come from the 15 cases of excitation phase delay. A clear 4 per rev inflow variation is seen in Fig.16(a) at the most inboard position, except during blade passage where large excursions caused by bound circulation dominate. From this result, we see that the spatial distribution of the unsteady shed vorticity (due to the excitation) remains fixed in the laboratory frame of reference. This resembles a standing wave of the unsteady shed vorticity 15 . As we move toward the tip (Fig.16(b) and (c) ), the 4 per rev variation becomes less distinguishable. Two reasons can be suggested here based on the rotor wake structure. First, as shown in Fig. 13 , the tip vortex core forms about 30 to 60 degrees after leaving the blade. It stays within 0.06 m of the rotor plane and moves inboard to r/R=0.885 during the first 180 degrees. Then, it moves mostly downward and is another 0.13m away at r/R=0.845 at the end of one rotor revolution. Therefore, for the region outboard of r/R=0.845, the flow field is influenced by the tip vortex from both blades and by the shedding vorticity from the current blade. Though the tip vortex strength can also vary due to the dynamic excitation, it may not be in phase with the shedding vortices. Secondly, because of the strong downward velocity induced by the tip vortex, the shed vorticity will convect faster away from the rotor plane as r/R increases, just as the inboard vortex sheet does, diminishing its effect more rapidly.
Results at an inboard radial station are shown in Figs. 17 and 18 at varying distances upstream of the rotor plane and at varying values of instantaneous pitch, respectively. As the measuring point moves away from the rotor plane, the same trend is observed, with diminishing amplitude. However, as the static pitch increases for a fixed excitation amplitude, the 4 per rev variation becomes less distinguishable. This is attributed to the increase in bound circulation and the wake spacing. The tip vortex strength and the inflow level rise correspondingly. Comparatively, the unsteady effects of a 1-deg. pitch excitation become too small to be separated from other contributions.
Hysteresis Effects
A crucial issue from the aerodynamicist's point of view is whether these results can be explained purely on a quasi-steady basis. Fig.19 shows the inflow variation over the rotor disk at r/R=0.765, z/R=-0.04. Two curves, corresponding to a pitch angle of 4.45 and 4.27 degree, are shown in the figure for the pitch-up and pitch-down phases of the blade respectively. Clearly, there is a systematic phase lag on the inflow variation outside the blade passage period between the pitch-up and pitch-down cases. However, this is simply due to the time lag of the excitation input. However, the inflow variation corresponding to the pitch excitation during the blade passage required further investigation. Fig.20 shows simultaneous inflow and pitch variation at the most inboard location, when the blade passes the measuring point, with different excitation time delay. Although the inflow variation is not that smooth, a clear phase difference can be seen for all the results corresponding to different chordwise locations. The inflow variation lags the pitch variation by roughly 40 degrees, which indicates the existence of hysteresis.
The hysteresis effect is further illustrated in Fig.21 , where the results of Fig. 20 are replotted as inflow velocity versus pitch angle over a cycle of the excitation. Clearly, there is a substantial hysteresis loop, which is not surprising, because the reduced frequency is 0.45. The inflow level does change corresponding to the induced effect from the bound circulation as the blade passes by the measuring point. The hysteresis effect seems to be larger in the area immediately downstream of the pitch axis and upstream of the trailing edge, which suggests that it is mainly associated with the readjustment of the bound vorticity distribution due to the dynamic excitation. Fig.22 shows the inflow variation as a function of pitch angle at several radial stations. Hysteresis exists at all stations. The hysteresis effect is much lower at the tip than at inboard stations. These results clearly show that the inflow velocity variation in the excited-blade case is totally unsteady during the blade passage period. There is a phase lag and an accompanying hysteresis effect. The hysteresis effects are also three-dimensional, as seen from the difference between the loops at different radial locations in Fig.22 . CONCLUSIONS The inflow to a two-bladed rotor in hover has been measured with and without a dynamic pitch excitation. The following conclusions are reached: 1. The 4 per rev inflow variation is substantial, even for 1-deg. oscillation amplitude. The variation depends on excitation phase, and is relatively insensitive to the blade position. 2. The inflow response to pitch excitation decreases in amplitude near the blade tip. 3. The unsteady inflow variation over the rotor disk was successfully synthesized assuming axial symmetry. Substantial phase lag effects are seen in the flowfield. 4. The dynamic inflow variation reveals substantial hysteresis, implying that the flow is totally unsteady. However, the unsteady shedding vorticity can be treated with a quasisteady approach, if the phase lag has been taken into consideration. 5. While the hysteresis has a radial variation, it is not driven by tip effects. 
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